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Abstract
The durability of Thermal Barrier Coatings (TBCs) used on the turbine blades of
aircraft and power generation engines has been known to be affected by sand particle
ingression comprised of Calcium-Magnesium-Alumina-Silicate (CMAS). Previous studies
have shown that these effects present themselves through variations in the thermomechan-
ical and thermochemical properties of the coating. This study investigated the impact
of CMAS ingression on the Yttria Stabilized Zirconia Topcoat (YSZ) and Thermally
Grown Oxide (TGO) strain in sprayed Thermal Barrier Coating (TBC) samples of vary-
ing porosity with and without CMAS ingression. In-Situ Synchrotron X-ray Diffraction
measurements were taken on the sample under thermal loading conditions from which
the YSZ and TGO peaks were identified and biaxial strain calculations were determined
at high temperature. Quantitative strain results are presented for the YSZ and TGO
during a thermal cycle. In-plane strain results for YSZ near the TGO interface for a
complete thermal cycle are presented, for a 6% porous superdense sample with CMAS
infiltration. The outcomes from this study can be used to understand the role of CMAS
on the strain tolerance of the TBC coating.
It is well known that under engine operational conditions the development of the TGO
layer, with large critical stresses, has been linked to failure of the coating. The growth of
the TGO manifests as undulations in a series of peaks and troughs. Understanding the
mechanics of the oxide layer at these locations provides significant information with re-
iii
spect to the failure mechanisms of the TBC coating. This study investigated the stress at
the peak and trough of a TGO undulation for a cycled Dense Vertically Cracked (DVC)
plasma sprayed TBC sample through photo-luminescence (PL) spectroscopy. High reso-
lution nanoscale stress maps were taken nondestructively in the undulation of the TGO.
Preliminary results from first line mapping of TGO peak and trough scan, at a resolution
of 200 nm, have shown a non-uniform TGO stress variation. The results obtained from
this study can be used to understand the stress variation in the peak and trough of a
DVC sample’s TGO undulation and how it contributes to the life of the TBC coating.
iv
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CHAPTER 1
INTRODUCTION
1.1 Thermal Barrier Coatings (TBCs) Background
Thermal Barrier Coatings (TBCs) are ceramic coatings that are used on the turbine
blades of power generation and aircraft gas turbine engines, which allow for higher engine
operating temperatures and improved turbine efficiencies [17, 62, 24]. The motivation for
studying the mechanics of these coatings over the past few decades has been to determine
factors that can increase the durability and life of these coatings under engine operational
conditions. Through this research, knowledge of the necessary design implications of the
coating can be made, resulting in longer life of turbine blades and consequentially gas
turbine engines.
The TBC system is comprised of four layers that include a ceramic top coat, a ther-
mally grown alumina-oxide layer, a metallic bond coat (primarily Nickel-based) and a
superalloy metal substrate (turbine blade) as shown in Figure 1.1. The ceramic topcoat,
which is commonly 7 wt% Yttria Partially Stabilized (YSZ) Zirconia, acts as a thermal
barrier between the turbine blade and hot gases in the combustion chamber of the engine,
by reducing the amount of heat being transferred to the metal substrate. The thermally
grown oxide (TGO) layer develops between the ceramic topcoat and metallic bondcoat
(BC) upon thermal cycling of the coating. It has been linked to failure of the coating as
a result of the development of large compressive stresses within the TGO due to large
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thermal expansion mismatch between the layers. Growth of the TGO has been linked
to the initiation of failure mechanisms within the coating such as spallation and delam-
ination [25, 85, 16, 9, 38]. Finally, the metallic bondcoat acts as a bonding mechanism
between the ceramic topcoat and the superalloy metal substrate. It additionally serves
to prevent erosion and corrosion of the substrate.
Turbine blade
Bond Coat
TBC (YSZ)
TGO
(Not to Scale) 
Figure 1.1: TBC System Schematic
TBC depositions have been achieved through plasma spray and electron beam physical
vapor deposition (EB-PVD) methods. EB-PVD TBC coatings have a vertical columnar
structure and are used primarily in aircraft engines. They are more durable because
of their vertical columnar structure which allows for greater strain tolerance, but they
have a higher thermal conductivity than plasma sprayed TBCs [63]. More recently,
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advancements have been made in improving the strain tolerance of sprayed coatings for
use in aircraft engines. This has been achieved with the development of dense vertically
cracked (DVC) thermally sprayed TBCs, which are created by superimposing molten YSZ
splats on the substrate and allowing them to solidify [76, 53]. Traditional plasma sprayed
TBC coatings have a generally porous or splat type microstructure and are commonly
used in power generation engines. As a result of their porous nature however, plasma
sprayed TBC coatings are more susceptible to erosion. In general, the amount of TBC
porosity in thermally sprayed samples can affect the level of erosion of the substrate [50].
As such, one aspect of this study uses samples with varying porosities (low density and
superdense) to determine the thermo-mechanical effects of erosion within these samples.
D-gun or detonation sprayed TBCs have a similar microstructure as plasma sprayed
coatings, but are applied by controlled detonations of mixtures of powder and gases
on the substrate. The superdense sample was D-gun sprayed whereas the low density
samples were air plasma sprayed.
The motivation of this study is to understand how this erosive behavior, which is
caused by the infiltration of environmental contaminants in the TBC coating, affects the
mechanical properties of the layers of the coating. This is important because erosion is a
common cause for failure in TBC coatings. In addition to characterizing the mechanical
effects occurring within the TBC system as a result of erosion, this study further in-
vestigates the piezospectroscopic variation within TGO undulations. The motivation of
this second study is to understand how variation in the local stresses within these TGO
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undulations are linked to the initiation of other types of common failure mechanisms
within the TBC coating including delamination and spallation. Overall, this work aims
to study the mechanics within the layers of a TBC coating in order to further aid in the
understanding of certain mechanisms leading to failure within TBCs, erosion and TGO
undulations’ development. An introduction on CMAS, which causes erosion, and TGO
undulations are presented in the next sections.
1.2 Calcium Magnesium Alumina Silicate (CMAS)
Developments within the area of thermal barrier coatings (TBCs) used on the turbine
blades of gas turbine engines have seen significant progress that have led to an increase
in the operating temperature and efficiency of these engines. However, TBC coatings
also need to endure harsh environments including the erosive effects of airborne contam-
inants infiltration on power generation and aircraft engine performances. This concern is
especially seen in dusty environments such as deserts, sandy regions and underdeveloped
flight runways where damage has been seen to occur in gas turbine engines [8], with
studies also showing the effect of these dusty environments on turbofan and turboprop
engines [22].
Early research has focused on understanding the effect of volcanic ash on the per-
formance of aircraft engines. The effect of volcanic ash on reduced engine performance
has been reported due to the melting of these deposits and subsequent blockage of flow
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paths and cooling holes within the engine [43]. A comparative study by Dunn et al., for a
technology program, has shown the effect of volcanic ash on varying types of engines and
found that damage is dependent on the concentration and constituents of the material
comprising the volcanic ash [21].
More recent studies have characterized the composition of the environmental contam-
inants that degrade TBC coatings. These contaminants have been found to be comprised
of Calcium, Magnesium, Alumina and Silicate oxides (CMAS), through the use of differ-
ential thermal analysis [11]. In addition, a program has been developed to determine the
major elements that comprise a CMAS system [26].
Understanding how the variation in TBC coating type (Plasma Sprayed or EB-PVD)
can proliferate degradation is fundamental for improvements in coating design. A com-
parative study to determine the rate of errosion between plasma sprayed and EB-PVD
TBC coatings when subjected to high velocity alumina and silica particles at room tem-
perature and 910oC, has shown that EB-PVD TBCs are more erosion resistant than
plasma sprayed coatings [58]. In EB-PVD TBC coatings, it has also been shown that
the minimum level of 4.8 mg/cm2 of CMAS can initiate damage of the TBC [84]. Fur-
thermore, it has been shown that the porous nature of the YSZ in sprayed coatings
is susceptible to CMAS infiltration before chemical degradation of the coating begins,
through Scanning Electron Microscopy and X-ray Diffraction [50].
CMAS studies have focused on the effect of these contaminants on both the thermo-
chemical and thermomechanical degradation of thermal barrier coatings [49]. Melting of
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such deposits was found to result in a phase change of the YSZ layer from tetragonal
to monoclinic through energy dispersive x-ray spectroscopy, at a temperature of 1240oC,
leading to a loss in strain tolerance of the coating [48]. Thermochemical degradation of
free-standing YSZ coatings subject to CMAS attack have also been examined [56, 27].
CMAS infiltration not only affects the chemical composition of the TBC coating,
but leads to the initiation of failure mechanisms within the TBC coating. Accurate
simulation of CMAS infiltration in a TBC coating is important to characterizing these
failure mechanisms such as delamination. A study by Drexler et al. have presented
thermal gradient cyclic testing of TBCs, in which CMAS is simultaneously ingested into
the TBC coating, which has been able to more accurately map regions of delaminations
in CMAS infiltrated samples [20]. The infiltration of CMAS has been found to lead to
spallation of the TBC coating as a result of cold shock, which was identified through
the sub-surface delamination characteristics within the penetrated TBC layers [55]. In
addition to sub-surface delaminations, CMAS penetrated regions have been found to
result in channel cracks and spallation [47]. Finite Element simulations have been used
to further examine the energy release rates of these delamination mechanisms [14].
In addition to thermal barrier coatings, CMAS induced degradation is also of con-
cern in environmental barrier coatings. CMAS infiltration has been found to initiate
thermochemical and thermomechanical degradation of BSAS (Ba1−xSrxAl2Si2O8) envi-
ronmental barrier coatings (EBC) [31, 34]. For example, a synchrotron x-ray diffraction,
thermomechanical study has shown residual stress measurements in the BSAS topcoat
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layer to be both non-uniform, and with a longer exposure time, increasingly compressive
as a result of CMAS infiltration [34]. As studies on BSAS EBC’s has shown, character-
izing the effect of CMAS infiltration on the evolution of stress and strain is important
in various types of environmental coatings. These studies allow for a more developed
understanding of the effect of erosion on the mechanics of layered materials.
As has been shown, most CMAS studies have emphasized the thermochemical effects
of CMAS infiltration on the TBC system. In addition, the thermomechanical studies
presented have only analyzed the effect of CMAS infiltration on the initiation of failure
mechanisms in the coating such as delamination and spallation. However, it is also im-
portant to understand how the mechanics of the TBC system may change as a result
of CMAS infiltration, in order to completely define the thermomechanical changes ex-
perienced by the coating. The focus of this study is to portray these thermomechanical
changes experienced by sprayed TBC coatings as a result of CMAS infiltration, under
in-situ high temperature conditions.
The importance of in-situ studies on TBCs lies in providing not only the mechan-
ics of the coating layers under realistic turbine operational conditions, but performance
and life predictions of the coating [19, 71, 45]. In-situ studies are necessary to provide
realistic strain and stress values endured by the coating at each stage of the loading con-
ditions, which ultimately can lead to improvements to the design of these coatings. For
example, in-situ experimentation has shown that under thermal and mechanical loading
conditions, the TGO layer briefly experiences an in-plane tensile stress for dogbone TBC
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samples [18]. This result is important because the TGO stress is generally found to
be highly compressive, and tensile stresses are expected to result in initiation of dam-
age. Furthermore, measurement techniques have been found to aid understanding of the
mechanics of TBCs on cylindrical samples, which are representative of turbine blade ge-
ometry, under in-situ conditions [71]. By simulating similar operational conditions, the
effect of CMAS on the TBC coatings can be more accurately predicted and understood,
especially under dynamic conditions such as ramp up and ramp down. Furthermore, the
findings from in-situ studies can allow for more accurate finite element (FE) simulations
of both the thermochemical and thermomechanical changes observed in the TBC system
as a result of CMAS infiltration. This will be possible because realistic experimental
strain data will be available to validate FE simulation results.
Chapter 2 presents X-ray diffraction theory and the method for strain determination
in these CMAS in-situ experiments. The experimental details and results obtained from
these experiments are presented in Chapters 2 and 3.
1.3 Thermally Grown Oxide (TGO) Undulations
It is well known that under normal operating thermal loading conditions in power gen-
eration and aircraft engines, thermal barrier coatings develop a thermally grown oxide
(TGO) layer as a result of oxidation of the bondcoat layer. This TGO growth occurs
in the form of undulations and the critical stresses that develop within this layer are
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a result of thermal expansion mismatch between the layers of the TBC coating. Un-
derstanding the variation of local stresses within these TGO undulations can provide
significant information in predicting the onset of failure mechanisms within the TBC
coating which can include spallation, delamination and buckling [23]. A few reasons for
instability in this interface region has included non-uniform undulation geometry and
thermal cycling [42, 40, 41]. Assessment of the regions where damage has occured has
been shown by the broadening of photo-luminescence peaks near the damage region [64].
Air plasma sprayed samples have also shown crack formation as a result of TGO growth
due to thermal cycling [13].
High resolution measurements of these critical stresses are important to accurately
predict the performance of the TBC coatings. A study by T.Tomimatsu et al. has shown
the local stress variation in the TGO layer through near-field optical microscopy at a
resolution of 400 nm, for an EB-PVD 7 wt% YSZ TBC coating initially subjected to 20
hours of thermal exposure at 1100oC [82]. This study found that the variation within the
TGO undulation ranged from -0.8 GPa to -1.6 GPa, with the largest compressive stress
occurring near the bondcoat [82]. Micro-luminescence spectroscopy has also been used
to capture the stress variation in two types of TGO undulations, thickness imperfections
and a uniform undulation on a cross section [81]. This study was done on an EB-PVD 7
wt% YSZ TBC coating initially subjected to 100 hours of thermal exposure at 1100oC
and showed that the stress near the TGO and bondcoat interface was higher for a uniform
undulation than for the thickness imperfections [81]. Photo-luminescence measurements
9
from EB-PVD TBCs has also shown two varying residual stresses in intact and damaged
locations within the TGO [69].
The variation in the stress in TGO undulations has also been previously studied using
finite element simulation (FEM). Delamination failure mechanisms between the topcoat
and TGO as a result of these critical stresses have been previously simulated as well as
buckling and spallation failure near the TGO and bondcoat interface [10, 9]. Other FEM
models have been used to understand the effect of TGO creep on stress in the peaks and
troughs which yielded compressive and tensile stresses respectively [68].
Destructive testing methods such as indentation tests have also been used to deter-
mine the stresses within the TGO layer. Luminescence spectroscopy was used to measure
the stress variation in the TGO layer of a Rockwell indented EB-PVD TBC coating in
which the TGO stress was shown to vary in the delaminated area from 1.2 GPa to 3.2
GPa, the indenter area from 0 GPa to 1 GPa and in the area far from the indenter in
the range of 4.2 GPa [75]. Another study analyzed the effect of thermal exposure and
cyclic indentation on TGO residual stress and found that these stresses were affected by
the damage caused by indentation [87].
Characterizing the stress variation in the topcoat YSZ layer has also been of interest,
in order to understand how the local stress varies from the top of the YSZ layer to the
YSZ and TGO interface. One such study used Raman spectroscopy to analyze the peak
shift and stress in the topcoat layer for an EB-PVD 7 wt% YSZ TBC coating with a
thickness of 700 µm; and showed that the YSZ peak shift is large near the interface and
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there is a compressive stress near the interface [80]. Further work by M. Tanaka et al.
measured the residual stress in an EB-PVD 4 wt% YSZ TBC coating with a thickness of
200 µm through micro-Raman spectroscopy which was found to be compressive through
the TBC thickness [74].
As has been shown, most studies have analyzed or simulated TGO stress variation in
EB-PVD TBC samples, both destructively and nondestructively. The focus of this study
is to obtain high resolution stress measurements nondestructively, in the range of 200
nm, within a TGO undulation of a cycled dense vertically cracked (DVC) sprayed TBC
sample, in order to quantify the stress variations as well as to understand and relate the
geometry of the undulations with these localized stress variations. This study further
aims to characterize TGO stress near the topcoat and bondcoat, to probe interface regions
where failure initiates at a much more resolved scale. DVC sprayed TBC coatings are
designed such that the topcoat contains uniform vertical cracks which increases the strain
tolerance of sprayed coatings, enabling them to have increased durability [76]. As such,
characterization of the local stress variations at the interface at high resolution, which
has been possible because of the advancements in instrument technology, will further
establish the durability level of DVC sprayed TBC coatings.
Piezospectroscopy theory and the method for stress determination in these experi-
ments are presented in Chapter 2. The experimental details and results obtained from
these experiments are presented in Chapter 4.
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CHAPTER 2
XRD MEASUREMENTS AND PIEZOSPECTROSCOPY
2.1 Synchrotron X-Ray Diffraction Theory (XRD)
X-ray diffraction (XRD) as shown in Figure 2.1, is a common technique used to char-
acterize various types of materials including material properties such as texturing and
phase changes within a material, as well as their mechanical properties such as strain
and stress determination. The technique is based upon Bragg’s Law which is given by
Equation 2.1, in which an X-ray beam of wavelength (λ) is incident at an angle (θ) on
the crystallographic planes that make up the material [59, 36, 35]. (θ) is also called the
Bragg angle. The order of reflection (n), of the x-ray beam is normally set to a value
of n=1. Each crystallographic plane is separated by a distance (d), also known as the
d-spacing of the material, which is specific to the (hkl) Miller indices of that lattice plane.
The angle at which the X-ray beam is incident on the crystallographic plane is the same
angle at which it diffracts. Upon diffraction, a Debye-Scherrer ring is formed on the area
detector which presents the diffracted intensity of the grains or crystals that comprise the
material [6]. For a single crystal, X-ray diffraction will result in two diffracted intensity
spots, one representing the incident of the beam and one representing the diffraction
of the beam. Alternatively, for a polycrystalline material, the X-ray beam will diffract
in several different directions for each grain, resulting in diffraction rings with multiple
diffracted intensity spots [59]. In a polycrystalline material, grains are also arranged
in varying orientations which upon beam diffraction results in diffracted intensity spots
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filling the 2D diffraction ring. Every spot on a diffraction ring represents the diffracted
X-ray beam [36].
d 
θ θ 
Not to Scale 
X-ray Beam 
Figure 2.1: X-ray Diffraction Process as explained by Bragg’s Law
nλ = 2 · d sin(θ) (2.1)
Most X-ray diffractometers are 1D and based upon the reflection geometry mode.
XRD diffractometers based on the reflection geometry mode have certain limitations
to them that includes minimal diffracted peak collection and X-ray penetration depth.
However, the use of high energy synchrotron 2D X-ray diffraction, in which most are
based upon the transmission geometry mode as in this study, has the advantage that
it allows for the collection of several crystallographic planes with one exposure on a 2D
area detector [5]. Most importantly, 2D X-ray diffraction has the advantage that it allows
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for a collection of diffracted material peaks at varying sample orientations without the
necessity of tilting the sample as in reflection geometry mode [6].
2.2 Bi-Axial Strain Determination Through XRD
Thermal Barrier Coatings are considered thin films. The stress (σij) and strain (εkl)
tensors describing this layered system can be simplified to a bi-axial state of stress for
an isotropic material, in which the stress σ33 is assumed to be zero [5]. For strain and
stress calculation from X-ray diffracted data, there are three coordinate systems that
are considered: the laboratory coordinate system, the sample coordinate system and the
crystallophysical coordinate system [46]. The crystallophysical coordinate system is used
in defining the elastic constants (Cijkl) for single crystals [46]. These elastic constants
can be determined by the Reuss, Voigt or Kro¨ner-Eshelby models [57]. In this study, the
Reuss model is used because it assumes that the strain and stress tensors are equivalent
in the sample coordinate system [5]. The elastic constants are used to calculate the
X-ray elastic constants (S1 and (S2/2)) specific for each (hkl) lattice plane. In these
experiments, the X-ray elastic constants were determined in the same manner, through
the use of the DECcalc software [54]. Generalized Hooke’s Law as shown in Equation 2.2
is used to determine the stress tensor σij. In addition, Equation 2.3 is used to determine
the strain tensor εij from the elastic compliance sijkl.
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σij = Cijkl · εkl (2.2)
εij = sijkl · σkl (2.3)
The laboratory coordinate system (Li) is fixed to the detector, whereas the sample
coordinate system is fixed to the sample (Si). The angles relating these two systems are
the tilt angle (ψ) and the sample rotation (φ) [5]. The tilt angle (ψ) is used to relate the
normal to the sample (S3), to the detector normal (L3). In X-ray diffraction reflection
mode, tilting of the sample is with respect to a fixed detector direction. However in X-
ray diffraction transmission mode, tilting of the sample is with respect to a fixed sample
direction. The X-ray diffraction experiments presented here have used transmission mode.
The tilt angle (ψ) can be determined from the detector azimuth angle (η) and Bragg’s
angle (θb) as shown in Equation 3.2, which applies for an η value between 0 and 90
degrees [5].
In order to determine the strain at any azimuthal angle, Equation 2.4 can be used,
which calculates the change in d-spacing of a specific lattice plane (dη − d0) to the
unstrained d-spacing of that lattice plane (d0) [78]. Additionally, the diffraction ring radii
for the unstrained (r0) and strained (rη) lattice plane can be used in the determination of
strain at any azimuthal angle as shown in Equation 2.5 [5]. To determine the unstrained
azimuthal angle, the tilt angle at which the strain is zero (ψ∗) must first be determined.
15
This can be found using Equation 3.1, which uses the X-ray elastic constants S1 and
(S2/2) specific to each crystallographic plane, or Equation 2.6 which uses the Poisson’s
ratio specific to each crystallographic plane [5, 35]. After determining ψ∗, the unstrained
azimuthal angle η∗ can be determined from Equation 3.2. This unstrained azimuthal
angle can be used in determining the unstrained radius (r0) for strain calculation, as was
done in this study. Details regarding the calculations are presented further in Section
3.3.1.
εη = (dη − d0)/d0 (2.4)
εη = (r0 − rη)/r0 (2.5)
sin2(ψ∗) = 2(νhkl)/(1 + (νhkl)) (2.6)
The Matlab program designed to determine the strain values for these experiments
was provided by Dr. J. Almer at the 1-ID Beamline at Argonne National Laboratory
and uses a Pseudo-Voigt function. This program azimuthally bins and radially integrates
the diffracted data around the 2D diffraction ring to obtain an average strain value of
the peak being analyzed. The calibration of the 2D detector was achieved using cerium
dioxide powder in order to properly align the detector before data collection, in which the
calibration parameters were determined using the Fit2D program [32, 33]. An example of
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the resulting diffraction rings, lineout plot of the intensity of the diffracted peaks versus
d-spacing, and radial plot produced by the program is shown in Figure 2.2. The radial
plot can be used to qualitatively determine the presence of strain in different peaks by the
presence of a double bell curve, which further illustrates that the layers are experiencing
strain due to the external load. Under load, these Debye-Scherrer rings are seen to be
elliptical.
a.) b.) c.)
transformed image from ld_rCMAS_test1_03706.sum
radial bins, covering 350 to 1000 pixels
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Figure 2.2: Plots for a Low density plasma sprayed TBC CMAS Sample produced in the
Matlab Strain Program: a.) 2D Diffraction Rings b.) Lineout plot c.) Radial Plot
In addition, the peak of the material to be fitted must be inputted into the Matlab
program. To achieve this, the peak must be identified correctly. This can be achieved
using the JCPDS database provided International Centre for Diffraction Data, which
provides detailed information on the d-spacing and intensity of the peaks for various
materials. In this study, the peaks for 7 wt.% YSZ and Al2O3 TGO were identified
using the JCPDS: 01-070-4430 and JCPDS: 00-042-1468, [3] and [2] respectively. It is
important to note that YSZ Peak (101) at a d-spacing of 2.96 A˚ is at the same d-spacing
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as ZrO2 Peak (111), therefore this peak is commonly referred to as YSZ (111), as it is in
the analysis of the experiments presented here. JCPDS: 00-017-0923 was used for ZrO2
peak identification [4].This program also takes into account temperature correction of
the lattice parameters (a) and (c) for each layer, because peak shifting can occur as a
result of temperature variation.
2.3 XRD Measurement Techniques for CMAS Circular Disk Samples
Preliminary XRD experimentation of the CMAS Circular Disk samples presented in
Chapter 3 of this study proved to be difficult because of the low diffraction volume inten-
sity of the TGO layer captured during a single scan. This was due to the large diffraction
volume of the sample, that the X-ray beam had to pass through before diffracting. The
thick YSZ layer of these coatings also prevented the TGO layer from being captured. To
counteract this problem, the samples were cut into semi-circular and rectangular geome-
tries as shown in Figure 2.3. This study determined strain results from the diffracted
rings of semi-circular cut samples. Such a geometry was successful because it resulted
in higher TGO diffraction intensities which could yield bi-axial strain results within this
layer.
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*top view of all proposed geometries is illustrated along with x-ray incident and refracted rays
Preliminary Experimentation
Semi-Circular Rectangle
Final Experimentation
Figure 2.3: CMAS Sample Preliminary and Final Geometry to facilitate XRD Data
Collection
2.4 Previous Study: XRD Measurement Techniques for Cylindrical TBC
Specimens
The motivation for this previous study was to determine in-situ synchrotron X-ray diffrac-
tion techniques to effectively measure strain within the layers of a hollow cylindrical
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EB-PVD TBC sample under realistic thermal gradient and mechanical loading testing
conditions. This section presents two techniques and the individual benefits of both tech-
niques as well as the difficulties of XRD data collection associated with each technique.
These techniques provide the methods necessary for future XRD studies on realistic
cylindrical geometries, simulating turbine blade geometry.
2.4.1 Experimental Details
In-situ synchrotron X-ray diffraction measurements were taken on a hollow EB-PVD
thermal barrier coated (TBC) cylindrical sample with an inner diameter of 4 mm and an
outer diameter of 8 mm, at the 1-ID-Beamline at the Advanced Photon Source in Argonne
National Laboratory. The sample consisted of 7-8 wt.% Yttria-Stabilized Zirconia (YSZ)
ceramic topcoat with a thickness of 211+/- 4 µm, an Al2O3 TGO layer thickness of
approximately 0.3 µm, and a NiCoCrAlY metallic bond coat with a thickness of 118 +/-
4 µm. The coating was applied on an IN100 substrate and the sample was prepared at
the German Aerospace Center (DLR) [71].
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2.4.2 Effect of Synchrotron XRD Parameters on Intensity
YSZ
TGO
BC
Substrate
Method 1: Grazing
Grazing surface; 
5-100µm beam
Method 2: Beam through center diameter
Substrate
YSZ
TGO
BC
distinct 
lines for 
two wall 
portions
Top view Top view
Side 
view
Side 
view
Figure 2.4: Method 1: Grazing surface from 5-100 µm. 2D detector measures axial and
radial components of stress. By moving the sample into the beam, information from
different layers is collected. Method 2: Direct Transmission along the center line. 2D
detector measures wall-thickness-averaged axial and circumferential components. [71]
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Figure 2.5: Detected TGO intensity with varying Beam Size Area [71]
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Figure 2.6: Detected TGO intensity with varying Exposure Time [71]
Measurement techniques were found to aid understanding of the mechanics of TBCs on
cylindrical samples under in-situ conditions. These techniques are presented in Figure 2.4.
In Method 1, the X-ray beam grazes the edge of the sample, from which axial and radial
components of strain can be measured within the layers of the thermal barrier coating.
In Method 2, the X-ray beam passes through the center of the sample, from which axial
and circumferential strain components can be measured. The effectiveness of these two
methods in obtaining strain measurements within the TBC layers was analyzed. Method
1 was found to yield varying phases of the YSZ, TGO and Bondcoat. In Method 2,
the effect of varying XRD synchrotron parameters (beam size and exposure time) on
the intensity of the TGO peak (116) was analyzed due to the low diffraction volume
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of the TGO for the through center method, in order to obtain sufficient intensity for
strain measurements. At a constant exposure time of 0.5 s and frame count of 1 frame,
the beam size was varied as shown in Figure 2.5. The resulting intensity of TGO peak
(116) with varying beam size is shown in Figure 2.5. It is important to note here that
the highest intensity of the TGO peak was not obtained at the largest beam area. As
evident in Figure 2.5, the highest intensity of the TGO peak was obtained at a beam
size of (450 X 450) µm ∗ µm, after which the curve is noticed to plateau. In addition,
at a constant beam size of (40 X 300) µm ∗ µm, the exposure time was varied to 3, 5,
7, 10, 12, and 15 s. The effect of varying exposure time on the intensity of TGO peak
(116) is shown in Figure 2.6 respectively. The relationship between the intensity of the
TGO peak (116) and varying exposure time displayed a linear trend, with a correlation
coefficient of R2 = 0.9983. Furthermore, an increase in TGO intensity is noted with an
increase in exposure time [71].
One of the challenges in applying Method 1 for strain measurements are the presence
of doublet peaks acquired, which result due to the beam passing through each coating
layer twice as shown in Figure 2.4. The presence of these doublet peaks requires addi-
tional analysis techniques in order to fit a strain curve. However, the use of the through
center method is effective in yielding sufficient intensities to obtain axial and circum-
ferential components of strain. From the earlier described grazing results, clear peak
position acquisition for various peaks of each layer provide strain components in both
axial and radial directions. These results show the ability of both these methods, with
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the appropriate parameters, to measure multiple locations on the curvature in order to
yield the full strain tensor required for in-situ strain determination [71].1
Compression Tension
Figure 2.7: Schematic of R-line peak shift under compressive and tensile stress
2.5 Piezospectroscopy Theory
Photoluminescene Spectroscopy is a technique commonly used to assess damaged regions
and nondestructively measure stress within several materials, including the alumina oxide
TGO layer of TBCs [28, 16, 67, 51, 64, 69, 15, 61, 60, 73]. Piezospectroscopy is the study
of stress determination from the shift of spectral R-line peaks. The R-lines (R1 and R2),
which are characteristic of α-alumina, are a result of laser excitation that causes the
1Figures 2.4, 2.5, 2.6 and Excerpts in section entitled ”Previous Study: XRD Measurement Tech-
niques for Cylindrical TBC Specimens,” are from my publication: S. F. Siddiqui et al. Synchrotron
X-ray measurement techniques for thermal barrier coated cylindrical samples under thermal gradients.
Review of Scientific Instruments, 84:083904, 2013.
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chromium (Cr3+) ions within alumina to transition from a high energy state to ground
state. The absolute wavenumber positions for R1=14403 cm−1 and for R2=14433 cm−1.
The shifting of these R-lines indicate the presence of stress as shown in Figure 2.7,
with compressive stress occurring as a result of the peaks shifting left and tensile stress
occurring as a result of the peaks shifting right from their absolute wavenumber positions.
The frequency shift of these R-lines can be related to the stress tensor as described by
Equation 2.7 [30]. In this equation, ∆ν is the frequency shift of the spectral peaks, piij is
a 2nd order tensor of the Piezospectroscopic (PS) coefficients and σij is the stress tensor
in the crystal reference frame. Equation 2.7 was further simplified to Equation 2.8, which
shows that the frequency shift ∆ν for a polycrystalline material only depends upon the
trace of the stress tensor (σ11 + σ22 + σ33) [52].
∆ν = piijσij (2.7)
∆ν = 1/3(pi11 + pi22 + pi33)(σ11 + σ22 + σ33) (2.8)
The R1 and R2 PS coefficients along the principal crystallographic and shear direc-
tions on a 0.05 wt.% ruby was determined by He and Clarke [37] to be described by
Equations 2.9 and 2.10. Summing these PS coefficients as shown in Equation 2.8, the PS
coefficients for R1 and R2 are piR1 = 7.59 cm
−1 ∗GPa−1 and piR2 = 7.61 cm−1 ∗GPa−1
respectively [37, 61]. Assuming biaxial stress state conditions with σ11 = σ22 = σ and
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σ33 = 0, Equation 2.11 was used in this study for TGO stress determination caused by
the shifting of R1 and R2 peaks [61].
∆νR1 = 2.56(σ11) + 3.50(σ22) + 1.53(σ33) (2.9)
∆νR2 = 2.65(σ11) + 2.80(σ22) + 2.16(σ33) (2.10)
∆ν = 2/3(piij)(σ) (2.11)
In order to accurately determine the spectral peak position for stress calculation, it is
necessary to deconvolute and curve fit the R-line peaks. To achieve this, certain parame-
ters of the R-line peaks must be taken into consideration that reflect both theoretical and
experimental observations of the physical behavior of these peaks. This includes the R1
and R2 peak positions, intensity ratio, full width at half maximum (FWHM), area of the
peaks, separation of peaks and the peak shape defined by the Gaussian and Lorentzian
shape factors [69, 61, 65]. This study uses a genetic algorithm based Matlab code for
global optimization in the fitting procedure, which uses two Pseudo-Voigt functions for
R1 and R2 fitting, taking into consideration the important physical behavior of these
peaks mentioned earlier [65]. An example of the deconvoluted fits using the program can
be seen in Figure 2.8, which was taken on a TBC coated cylindrical sample.
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Figure 2.8: Example of Deconvoluted Fits within GA Program
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CHAPTER 3
EFFECT OF CMAS ON STRAIN IN LAYERS OF THE TBC
3.1 Introduction
The purpose of this study was to further understand the role that CMAS plays on the
strain within both the YSZ and TGO layers of both low density and superdense thermally
sprayed CMAS coated TBC samples. This was achieved through in-situ synchrotron X-
ray diffraction measurements taken under thermal loading conditions. This study aims
to provide an understanding of the role of CMAS in affecting the strain at the interface,
since this region is critical to initiation of failure mechanisms of the coating. The results
presented quantify the in-plane strain in the YSZ and TGO layers for samples with CMAS
infiltration of varying YSZ porosities as well as for a control sample without CMAS. The
outcomes from this experiment can be used to further understand the role of CMAS in
affecting the strain tolerance of the TBC under real world conditions and is relevant to
future studies pertaining to ingression of volcanic ash and fuel impurities.
3.2 Materials and Methods
3.2.1 Sample Preparation
This section will highlight the thermally sprayed samples used in this study including
the sample dimensions, process of CMAS infiltration and properties of the TBC coating
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applied on each sample. It will further present details on the concentration of CMAS
within each sample.
3.2.1.1 Low density TBC Samples
In order to analyze the effect of CMAS on strain within the TGO and YSZ layers, in-situ
synchrotron X-ray diffraction measurements were taken on two low density deposition,
air plasma sprayed TBC samples in which one was coated with CMAS. Infiltration of the
CMAS was achieved through a 60 second flame burner process using a CMAS cement tape
with a concentration level of 13 mg/ccm [50]. The composition of the CMAS infiltrated
within the sample is presented in Table 3.2. These low density deposition samples had a
porosity of 15%. Both samples were initially circular disks with the TBC coating applied
on a Hast-X substrate that were waterjet cut into semi-circular disks to facilitate XRD
data collection on the TGO layer. The CMAS coated sample had a diameter of 25.5
mm and a thickness of 4.5 mm. The control sample without CMAS infiltration had a
diameter of 25.6 mm and a thickness of 4.0 mm. Details on the thickness of the 7 wt.%
YSZ and Ni alloy bondcoat of the TBC coating for both samples are presented in Table
3.1.
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Table 3.1: Low density with and without CMAS sample properties
Deposition (APS) YSZ Thickness Bond Coat Thickness Substrate
Low density 635 µm (25 mils) 152.4 µm (6 mils) Hast-X
Table 3.2: Composition of CMAS in Low density and Superdense CMAS samples
CaO (wt.%) MgO (wt.%) Al2O3 (wt.%) SiO2 (wt.%) Fe2O3(wt.%)
32.9 7.23 12.68 46.71 0.41
3.2.1.2 Superdense TBC Sample
In-situ synchrotron X-ray diffraction measurements were also taken on a superdense
deposition, detonation sprayed TBC sample infiltrated with CMAS. Infiltration of the
CMAS was achieved through a 60 second flame burner process using a CMAS cement tape
with a concentration level of 12.61 mg/ccm [50]. This superdense deposition sample had
a YSZ porosity of 6% and the composition of the CMAS infiltrated within the sample
is presented in Table 3.2. The 7 wt.% YSZ TBC coating was applied on a MarM509
substrate and had a thickness of 381 µm. This sample was a semi-circular sample that
had a diameter of 25 mm and a thickness of 3.8 mm.
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3.2.2 Experimental Setup
3.2.2.1 Low density with and without CMAS Samples’ Experimental Setup
The experimental setup of both samples at Argonne National Laboratory was as shown
in Figure 3.1. Each sample was placed on an alumina sample holder with the X-ray
beam passing parallel to the sample. 2D X-ray diffraction (XRD) room temperature
measurements were taken on both samples before cycling, using a beam size of (300x30)
µm ∗ µm (width x height), and an exposure time of 1 second at 10 frames. At ramp
up, high temperature, ramp down and room temperature after cycling, the beam size
was (300x40) µm ∗ µm (width x height) for the low density with CMAS sample. For
the low density TBC sample with CMAS deposition, the X-ray beam energy was 86 keV
with a sample to detector distance of 1601 mm. For the control sample without CMAS
deposition, the X-ray beam energy was 65 keV with a sample to detector distance of
1539 mm. The low density CMAS sample was subjected to an 80 minute thermal cycle
which included a 20 minute ramp up to 1121oC, a 40 minute isothermal hold at 1121oC
and a 20 minute ramp down to room temperature. XRD measurements were taken by
scanning through the thickness of the sample from the top surface to the substrate. These
measurements were taken at each stage of the cycle from which the strain in TGO peak
(116) and YSZ peak (111) were determined. Two k-type thermocouples were positioned
on either side of the semi-circular sample to obtain temperature readings during the
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80 minute thermal cycle. XRD room temperature measurements were obtained on the
control low density sample without CMAS deposition.
3.2.2.2 Superdense TBC Sample Experimental Setup
The experimental setup and procedure of the Superdense TBC sample with CMAS was
also as shown in Figure 3.1. 2D X-ray diffraction (XRD) room temperature, ramp up,
high temperature and ramp down measurements were taken on the sample, using a beam
size of (300x30) µm∗µm (width x height), and an exposure time of 1 second at 10 frames.
The X-ray beam energy was also 86 keV with a sample to detector distance of 1601 mm,
and this sample was subjected to the same thermal cycle as the low density TBC sample
with CMAS. However, it is important to note that in preliminary experimentation, the
Superdense TBC sample with CMAS was subjected to another 80 minute thermal cycle.
Therefore, it has been subjected to 2 thermal cycles, one in the current experiment and
one in previous preliminary experimentations. XRD measurements were taken at each
stage of the cycle from which the strain in YSZ peak (111) was determined.
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Figure 3.1: Schematic of X-ray Diffraction Experimental Setup of Sample (Top View)
at Argonne National Laboratory (Not to Scale). ε11 is the in-plane strain and ε22 is the
out-of-plane strain.
3.3 Low density with and without CMAS Sample Strain Results
3.3.1 Determination of Strain Free Radius
Studies have presented the process for determining the strain free radius or d-spacing
for biaxial strain calculations. However in order to determine this strain free radius, the
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single-crystal X-ray elastic constants (XEC) must first be determined from the material’s
elastic constants [57]. One of the most prominent approaches to determine the elastic
constants is through the use of the Voigt, Reuss or Kro¨ner-Eshelby models. The single
crystal elastic constants in this study were determined through the Reuss model because
it determines the strain tensor for varying crystallographic planes [12]. In this study,
the Reuss X-ray elastic constants S1 and (S2/2) for the TGO and YSZ peaks were
determined as well as the Poisson’s ratio through use of the DECcalc software [54].
For TGO Peak (116) and YSZ Peak (111), the X-ray elastic constants S1 and (S2/2)
computed through the DECcalc software are presented in Table 3.3. To determine the
X-ray elastic constant for YSZ Peak (111), the values for tetragonal ZrO2 were used [44].
The Al2O3 X-ray elastic constants used for the analysis of the TGO considers C14 to be
positive [29, 39]. The elastic constants used in the computation of these X-ray elastic
constant values were in the units of MPa. The tilt angle (ψ∗) was determined from
Equation 3.1. Applying Equation 3.2 along with the Bragg angle specific for each (hkl)
crystallographic orientation and the computed tilt angle, the strain free azimuth angle
was determined as presented in previous studies [5]. For Equations 3.1 and 3.2, ψ is
the tilt angle, S1 and S2/2 are the X-ray elastic constant values, θb is the Bragg angle,
and η is the strain free azimuth angle. For the sample with CMAS infiltration, the
wavelength was λ = 0.1440 A˚ and for the sample without CMAS, it was λ = 0.1907 A˚.
This variation was because the data collected on both samples were taken at different time
periods. Following the approach presented, the strain free azimuth angles calculated for
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the samples with CMAS ingression (low density and superdense TBC samples) and the
control sample without CMAS ingression (low density TBC sample) are as presented in
Table 3.4. The calculation for the strain free azimuth for TGO Peak (300) was performed
in a similar manner.
Table 3.3: X-ray Elastic Constant Compliance as determined in the DECcalc Program
through use of the material elastic constants [54, 29, 44]
XEC Al2O3 Peak (116) ZrO2 Peak (101)
S1 -6.59E-07 -1.71E-06
S2/2 3.32E-06 7.53E-06
Table 3.4: Strain Free Azimuth Angles
Sample TGO Peak (116) YSZ Peak (111)
Samples with CMAS η= 36.995o η=41.324o
Sample without CMAS η= 36.302o η=40.978o
sin2(ψ∗) = −2 · (S1/(S2/2)) (3.1)
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ψ = η + θbcos(η) (3.2)
3.3.2 Strain in Thermally Grown Oxide Layer
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Figure 3.2: Peak Identification Lineout for Low density sample with CMAS ingression
To determine the effect of CMAS on strain within the thermally grown oxide layer,
the results presented in this study provide the compressive in-plane strain measurements
for TGO peak (116) at a d-spacing of 1.60 A˚. Likewise, the strain results presented for
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the YSZ layer are for peak (111) at a d-spacing of 2.96 A˚. The resulting peak diffraction
intensity versus d-spacing for the low density TBC sample with CMAS ingression is shown
in Figure 3.2. The intensity for the peaks have been normalized and are the azimuthal
average around the 2D diffraction ring.
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Figure 3.3: Strain Plot of TGO Peaks (116) and (300) for Low density sample with
CMAS at room temperature
In order to verify the accuracy of the TGO strain results, a comparison analysis was
done between the strain values obtained for TGO Peaks (116) and (300) at room temper-
ature for the sample with CMAS ingression. From Figure 3.3 which plots the resulting
diffraction strain versus azimuth, it can be seen that the in-plane (ε11) compressive strain
values are very similar, with an in-plane (ε11) strain of -0.001213 and -0.001224 for TGO
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peaks (116) and (300) respectively. The strain free azimuth angle calculated for peak
(300) of 35.315o was determined from the same process as presented earlier.
To understand the variation of strain in the TGO under thermal loading conditions,
the compressive in-plane strain was plotted during each stage of the 80 minute thermal
cycle as shown in Figure 3.4. Both the strain for TGO peak (116) and the temperature are
plotted versus the approximate time during the thermal cycle. During ramp up, there is a
decrease in the in-plane strain from -0.001213 at room temperature of 26oC to -0.000404
at 839oC due to strain relaxation. At high temperatures of around 1121oC, the in-plane
strain value remains approximately constant within the range of -0.000374 to -0.000415.
During ramp down, there is a large increase in the compressive strain value in which the
in-plane strain value approaches -0.001080 at a temperature of 261oC. Previous studies
have shown this large increase in compressive strain within the TGO layer subjected to
thermal loading [7]. The final temperature reading after cycled taken at 64oC yielded an
in-plane strain value of -0.001192 which is approaching the residual strain value noted
at room temperature before thermal cycling. The temperatures plotted represent the
highest surface temperature recording of the sample by the thermocouples.
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Figure 3.4: Variation of TGO Peak (116) in-plane (ε11) strain and temperature with time
during thermal cycle
Table 3.5: Comparison of TGO (116) in-plane (ε11) strain at room temperature for low
density samples with and without CMAS infiltration
Sample Temperature Compressive In-plane Strain
CMAS sample 26oC 0.001213
Sample without CMAS 29oC 0.001131
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Through further analysis of the in-plane strain of TGO peak (116) in the control
sample without CMAS deposition at room temperature, our results indicate that there
is not a significant difference between the strain values in both our sample with CMAS
ingression and the sample without CMAS before cycling. These results are presented in
Table 3.5. From these results, it is observed that the ingressed CMAS within this sample
does not penetrate as far as the thermally grown oxide layer at room temperature to be
able to instigate a change in the residual strain of the TGO layer. This correlation of
XRD room temperature strain measurements with ingression highlights a promising role
in identifying the nature of the ingression and its effect on the mechanical behavior of
the layers, which can be applied to various coatings under different ingression materials
and conditions.
3.3.3 Strain in YSZ Layer
As previous work has shown, CMAS infiltration plays a role in affecting the thermo-
chemical and thermomechanical properties of the YSZ topcoat. For example, Raman
spectroscopy results have shown that the residual stress gradient in regions of CMAS
infiltration were tensile and the underlying TBC stress was compressive at ambient tem-
perature [47]. This study was for a DVC TBC sample with deep CMAS penetration of
500 µm. To further examine this behavior, this study has analyzed how CMAS infiltra-
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tion alters the YSZ layer’s residual strain when subjected to high temperature, for the
low density TBC sample with CMAS infiltration. Figure 3.5 presents the in-plane strain
results for YSZ peak (111) in the CMAS sample at varying times in the thermal cycle as
the X-ray beam passes through the YSZ layer to the TGO interface. Five depth scans
were taken on the sample during a 40 minute isothermal hold of 1121oC ± 3oC. It is im-
portant to note that the results presented in Figure 3.5 are not at the exact same depths
within the YSZ layer due to thermal expansion variations. It is evident from Figure 3.5
that the in-plane strain for YSZ (111) is tensile as the X-ray beam passes through the
YSZ layer. Furthermore, there is a reduction in this tensile strain through the layer.
This tensile strain may suggest the presence of CMAS infiltration within the YSZ layer
at high temperature, although further metallurgical evaluation will be done in the future
to further support this finding. In addition, a transition in the YSZ (111) in-plane strain
from tensile to compressive is seen to occur near the interface in all five depth scans
where TGO peaks become prominent. This compressive YSZ in-plane strain near the
TGO interface would suggest negligible CMAS infiltration near this region. Metallurgical
evaluation is suggested as future work to further support this finding. Overall, the YSZ
(111) in-plane strain results presented in Figure 3.5, suggest that CMAS infiltration has
occured in the YSZ layer, but not near the interface at high temperature.
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Figure 3.5: Variation of YSZ Peak (111) In-Plane (ε11) Strain at high temperature versus
time in the thermal cycle
From Figure 3.6 which is a plot of the resulting diffraction strain versus azimuth
for YSZ peak (111) at room temperature, it can be seen that the in-plane strain is
compressive with a value of -0.000381. Table 3.6 shows a comparison of YSZ Peak
(111) in-plane strain near the TGO interface at room temperature for the low density
samples with and without CMAS infiltration. This data was collected before cycling of
the samples. As was shown in Table 3.5, there was not a significant difference in the
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TGO strain values obtained at room temperature for both samples. This supports the
in-plane strain results found for YSZ Peak (111) near the TGO interface, which are also
not significantly different.
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Figure 3.6: Strain Plot of YSZ Peak (111) at room temperature
Table 3.6: Comparison of YSZ (111) in-plane (ε11) strain near TGO Interface at room
temperature for low density samples with and without CMAS infiltration
Sample Temperature Compressive In-plane Strain
CMAS sample 26oC 0.000381
Sample without CMAS 29oC 0.000401
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3.4 Superdense TBC Sample with CMAS Results
A previous study by Li et al. has shown that a denser coating has a greater potential
to resist CMAS attack than a porous coating [50]. Thus, the motivation of analyzing
the strain variation in the thermally grown oxide layer and the YSZ layer near the TGO
interface, for a Superdense TBC sample with CMAS, is to characterize this behavior
quantitatively. Furthermore, these results can provide strain results for a more dense
sample with only 6% porosity. The results presented are based upon the Superdense
TBC sample undergoing two thermal cycles.
3.4.1 Strain in YSZ Layer
The strain profile for YSZ Peak (111) near the TGO interface during ramp up and
ramp down is shown in Figure 3.7. It can be seen that at room temperature of 30oC,
the in-plane strain within the YSZ layer is highly compressive at a value of -0.001590.
During ramp up, from 143oC to 1036oC, there is a significant in-plane strain relaxation
from -0.001492 to -0.000018. At high temperature of 1124oC, the in-plane strain becomes
slightly tensile with a value of 0.000031. It is important to note this transition in the YSZ
Peak (111) in-plane strain from compressive to slightly tensile near the TGO interface
could suggest negligible, if any, traces of potential CMAS infiltration near this region.
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Finally, during ramp down from 1072oC to 92oC, there is a large increase in the in-plane
strain compressively from -0.000081 to -0.001502.
Figure 3.7: YSZ Peak (111) strain near the TGO Interface during ramp up and ramp
down in Superdense TBC Sample with CMAS
It can also be observed from Figure 3.7, that there is a lack of significant hysteresis
during the thermal cycle from ramp up to ramp down. This would suggest little effect
of CMAS infiltration on the in-plane YSZ strain near the TGO interface. As this is
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observed for a sample subjected to two 80 minute thermal cycles, future studies will
study the effect of various cycles on the presence of hysteresis.
Figure 3.8 shows the resulting diffraction strain versus azimuth fit for YSZ peak
(111) near the TGO interface at room temperature. This figure also presents the room
temperature in-plane strain for TGO peak (116) and the resulting diffraction strain versus
azimuth fit.
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Figure 3.8: Strain Fits at Room Temperature for Superdense TBC Sample with CMAS:
a.) YSZ Peak (111) near TGO interface b.) TGO Peak (116)
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3.5 Conclusion
In summary, the first part of this study has presented high resolution quantitative strain
results for the YSZ and TGO layers of a CMAS plasma sprayed TBC sample of low den-
sity deposition under thermal loading conditions. These results show a tensile in-plane
strain through the YSZ layer at high temperature. Furthermore, a transition in the YSZ
(111) in-plane strain at high temperature from tensile to compressive is observed near the
interface. This would suggest CMAS infiltration in the YSZ layer at high temperature,
but not near the interface, which will be further supported in the future through met-
allurgical evaluation. A comparison of TGO in-plane strain values at room temperature
between the low density samples with and without CMAS ingression, indicated that there
was not a significant effect of CMAS on the strain within the thermally grown oxide layer
before cycling. This was further supported by a comparison of the YSZ (111) in-plane
strain values near the TGO interface, at room temperature, for low density samples with
and without CMAS ingression. It was found that the YSZ (111) in-plane strain near the
TGO interface was not significantly different for these samples as well. Future studies
with additional cycling are expected to reveal the prolonged effects of cycling on the
thermomechanical effects in all layers.
The second part of this study has shown the variation of strain in YSZ peak (111)
near the TGO interface, with temperature, for a superdense TBC sample with CMAS
infiltration. It has been shown that there is transition in the YSZ Peak (111) in-plane
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strain from compressive to slightly tensile near the interface which could suggest negligi-
ble, if any traces of CMAS infiltration near this region. Furthermore, there was a lack of
significant hysteresis observed, suggesting little change in the YSZ in-plane strain near
the TGO interface, as a result of CMAS infiltration.
The technique and methods presented in this chapter have successfully set the stage
for future research efforts in ingression studies using X-ray Diffraction under in-situ and
high temperature loading conditions.
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CHAPTER 4
STRESS MAPPING BY PHOTOLUMINESCENCE SPECTROSCOPY IN
TGO UNDULATIONS
4.1 Introduction
The motivation for this study was to characterize variations in TGO critical stresses at
a high resolution, that develop within TGO undulations as a result of thermal cycling.
Several studies have shown bulk compressive stresses in the TGO that do not accurately
reflect the large local variations in stress that occur at the TGO interface [81, 82, 9].
As such, it is important to quantify these large stress variations at a high resolution to
ensure improvements in coating durability against common TBC failure mechanisms.
The purpose of this experiment was to nondestructively obtain stress measurements
in the peak and trough of a TGO undulation of a DVC 2000 Jets thermal cycled TBC
sample at a nanoscale spatial resolution of 200 nm through the use of Photoluminescence
spectroscopy. Most importantly, this study is aimed at presenting the variation of local
critical stresses in the undulation peak and trough through piezospectroscopy, as a result
of the initial 2000 Jet cycles on the sample. The results from this study will allow for
a more detailed understanding of how this variation is linked to the initiation of failure
mechanisms within a sprayed TBC coating as previous studies have primarily looked at
stress mapping in TGO undulations of EB-PVD TBC coatings [81, 82].
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4.2 Materials and Methods
4.2.1 Sample Details
High resolution piezospectroscopic measurements were taken at a TGO undulation peak
and trough of a dense vertically cracked (DVC) TBC sample that had been previously
subjected to 2000 Jets thermal cycles. The importance of having a highly cycled sample
for this data collection was to have a fully developed oxide layer, in order to characterize
the stress variations. Each Jets thermal cycling process involved heating the YSZ topcoat
surface to 1400oC through an oxygen-propylene burner nozzle for twenty seconds, after
which the sample is rotated and cooled by air-blasting for twenty seconds [77]. The
DVC TBC sample was also subjected to two 80 minute thermal cycle during preliminary
XRD data collection. The DVC TBC coating was applied on a Hast-X substrate and
was initially a circular disk with a diameter of 25 mm and a thickness of 5.0 mm. This
sample was waterjet cut into a rectangular shape to facilitate data collection on the TGO
layer.
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Figure 4.1: Experimental Setup for Photoluminescene Measurements on DVC TBC Sam-
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Figure 4.2: TGO Peak and Trough Undulations in DVC 2000 Jets Cycled TBC Sample
51
4.2.2 High Resolution Photoluminescence Spectroscopy Experimental De-
tails
Photoluminescence Spectroscopy was used to obtain stress maps at room temperature
within the peak and trough of a TGO undulation, for a 2000 Jets thermal cycled DVC
TBC sample at a resolution of 200 nm in the x and y directions. Photoluminescence
measurements were taken on a cross section of the sample at the topcoat and bondcoat
interface region in the center of the sample as shown in Figure 4.1.
A 10 µm (x-direction) by 5 µm (y-direction) mapping scan was taken on the peak of
the TGO undulation, with data collected on 50 points in the x-direction and 25 points
in the y-direction per line. Likewise, a 16 µm (x-direction) by 10 µm (y-direction)
mapping scan was taken on the trough of the TGO undulation, with data collected on
80 points in the x-direction and 50 points in the y-direction per line. Mapping in these
regions were done row by row. The excitation laser source had a wavelength of 532.24
nm and a power of 5.64 mW. These measurements were taken using an objective lens
with a magnification of 50x, using a grating of 1800g/mm, and were collected in the
WiTec Project 2.10 software [1]. The R1 and R2 peak positions were initially collected
in eV, which were then converted to absolute wavenumber in cm−1 for further analysis.
Figure 4.2 shows a micrographic image at a scale of 10 µm, of the TGO peak and trough
undulation region where these measurements were taken. From the micrographic image,
several traces of oxide development within the bondcoat are evident. An example of the
52
raw R-lines collected in these regions is also displayed in the figure. It is important to note
that this figure displays a zoomed in micrograph of both the peak and trough in which
the white boxed region defines the approximate mapping area where photoluminescence
data was collected.
4.3 Preliminary Results and Discussion
4.3.1 TGO Peak Undulation’s Preliminary Residual Stress Measurements
in Cycled Sample
The intensity of the alpha-alumina R1 peaks for each of the 1250 data points collected
within the TGO peak undulation mapping (10µm x 5µm) is shown in a.) of Figure 4.3 at
a scale of 1 µm. It is important to note that this figure shows the sum of the CCD counts
(calculated from c.) in Figure 4.3) from 14332.47 cm−1 to 14418.77 cm−1, which takes
into account the CCD count from the R1 peak, whose unstressed position is at 14403
cm−1. Regions of high alumina intensity are seen to be red in the map, while regions of
low alumina intensity are seen to be purple. The sum of CCD counts ranges from 2322
to 46720. Figure 4.4 presents the the deconvoluted curve fit of the R-lines obtained for a
single point in the first line of the TGO peak mapping, which shows the individual curve
fits for R1 and R2 and the fit for both R-lines.
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Figure 4.3: Spatial Intensity Maps of R1: a.) Sum of CCD counts for TGO Peak Mapping
Scan b.) Sum of CCD counts for TGO Trough Mapping Scan c.) Equation used to sum
CCD counts in WiTec software
Figure 4.5 presents preliminary results from the first line of mapping taken in the
approximate peak region depicted in Figure 4.2. As shown in Figure 4.2, the mapping
scan was taken from the bondcoat to the topcoat, including the TGO layer. The first
line of mapping is also from the bondcoat to the topcoat, including the TGO layer.
A micrographic image of the peak and approximate location of the single line of data
taken is also shown within the figure. The TGO average stress was determined using
Equation 2.11 from the R1 peak shift. Figure 4.5 presents both the TGO average stress
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and R1 Peak shift versus x-position, which exhibit a similar trend. From the bondcoat
to the topcoat, the TGO stress is shown to become less compressive from -0.8592 GPa
to -0.4267 GPa, with the largest compressive stress of -0.870 GPa occurring near the
bondcoat. These results are expected as seen in several studies of different coating types
with average TGO stress in the order of 1 GPa [66], with a large compressive stress
occurring near the bondcoat and small compressive stress occurring near the topcoat.
Furthermore, an expected non-uniform variation in TGO stress is noted in these plots,
which is a result of the large thermal expansion mismatch between the layers of the TBC
coating in addition to the development of growth stesses within the TGO layer [81, 82].
However, with this non-uniformity, there is a eminent pattern exhibited in Figure 4.5
which is noted to vary with position. From 0 µm to around 5 µm, when scanning is
occurring in the bondcoat/TGO region, TGO stress is seen to exhibit an increasing
and decreasing trend. As such, the TGO stress is noted to first become increasingly
compressive and then decreasingly compressive. To analyze this variation in more detail,
Figure 4.6 shows the micrograph locations of four points taken during this first line
scan. Each micrograph image has been marked to approximately indicate the location of
each TBC layer (YSZ, TGO and BC). Figure 4.6 further indicates the location of these
points on a peak schematic, which gives the approximate location where this single line
of data was collected in the TGO peak. It is important to note that this set of data was
taken through the peak undulation, not at the edges of the undulation. As shown in the
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micrographs of Figure 4.6, points 4 and 10 are near the bondcoat/TGO interface and
point 41 is near the TGO/YSZ interface region.
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Figure 4.4: Deconvoluted Fit of Single Point from TGO Peak Undulation Mapping
This variation in the TGO stress within the bondcoat and bondcoat/TGO interface
region could suggest the presence of Cr2O3 in these regions, which has been shown to
cause a decrease in the compressive stress and photoluminescence intensity after 100 hours
of thermal cycling at 1121oC [70]. This would imply traces of Cr2O3 in locations across
this peak scan in which the compressive stress decreases, which is a possibility, because
this sample has been previously 2000 Jets cycled. Furthermore, work by Madhwal et al.
has shown formation of chromia near the TGO-bondcoat interface during later cycling of
a DVC TBC coating [53]. From the micrographic image presented in Figure 4.2, traces
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of oxide development in the bondcoat were also evident. This would also suggest the
formation of Cr2O3, as a result of aluminum depletion within the bondcoat, as well as
the possibility that the sample is near failure. However, possibilities of failure initiation
will be examined in future work.
Preliminary Results from First Line of TGO Peak Mapping Scan 
Figure 4.5: Preliminary TGO Stress Results and R1 Peak Shift for First Line of TGO
Peak Mapping
Figure 4.3 shows a variation in the R1 CCD intensity counts for the complete peak
and trough mapping, which could be a result of traces of Cr2O3 concentration. Previous
studies have shown that R-line peak intensities are affected by stress variations in the
TGO layer as well as Cr concentration [86, 81]. A linear relationship has been shown
to exist, between Cr concentration up to 0.5 wt.% in the TGO layer, and R-line peak
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intensities [86, 81]. In addition, this variation in R1 intensity could also be associated
with variation in surface topology of the probed region.
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Figure 4.6: Micrographic Locations of Points from First Line of TGO Peak Mapping
Another possibility for this variation in TGO stress is the presence of island-like
ceramic oxides that develop within the bondcoat as a result of thermal spray deposition
and long exposure at high temperature [83]. These island-like oxides have been shown
through simulation to cause a stress relief within the TGO [83], which could also explain
the trend that is being seen in Figure 4.5. This possibility can be substantiated by
observing the micrograph image of the undulations presented in Figure 4.2, which shows
traces of oxide layer development within the bondcoat layer in several locations.
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As these preliminary results are only from the first line of mapping taken in the peak
region, deconvolution of photoluminescence results from the entire mapping scan in the
future will allow for a more thorough understanding of the factors that may be causing
this pattern-like variation in the TGO stresses. Therefore, a complete study is needed
to further confirm these possibilities for variations, including correlating Atomic Force
Microscopy (AFM) imaging with the corresponding PL data.
4.3.2 TGO Trough Undulation’s Preliminary Residual Stress Measurements
in Cycled Sample
Figure 4.7: Deconvoluted Fit of Single Point from TGO Trough Undulation Mapping
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Preliminary Results from First Line of TGO Trough Mapping Scan 
Figure 4.8: Preliminary TGO Stress Results and R1 Peak Shift for First Line of TGO
Trough Mapping
The intensity of the alpha-alumina R1 peaks for each of the 4000 data points collected
within the TGO trough undulation mapping (16µm x 10µm) is shown in b.) of Figure 4.3
at a scale of 3 µm. It is important to note that this figure also shows the sum of the CCD
counts from 14332.47 cm−1 to 14418.77 cm−1, which takes into account the CCD count
from R1 peak, whose unstressed position is at 14403 cm−1. Regions of high alumina
intensity are seen to occur towards the top and lower left regions of the map. From the
micrographic image, this occurs at the TGO interface region. Further evident from the
plot, are low intensities of alumina within the YSZ region. This suggests slight traces
of TGO development within this region. The sum of CCD counts is seen to range from
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4582 to 70910 and was calculated from c.) in Figure 4.3. Deconvoluted fit of a single
point in the first line of the TGO trough mapping is shown in Figure 4.7.
Figure 4.8 presents preliminary results from the first line of mapping taken in the
approximate trough region depicted in Figure 4.2. As shown in Figure 4.2, the mapping
scan was taken from the bondcoat into to the topcoat, including the TGO layer. The
first line of mapping in the trough was primarily in the bondcoat region near the TGO
interface, which extends slightly into the YSZ layer, as shown in the micrographic image
in this figure. The TGO average stress was determined using Equation 2.11 from the R1
peak shift. Figure 4.8 presents both the TGO average stress and R1 Peak shift versus
x-position, which also exhibits a similar trend. It can be seen that the TGO stress first
becomes more compressive, from -0.8056 GPa to -1.7254 GPa in the region from 0 µm
to 7.4 µm, and then becomes less compressive, from -1.7254 GPa to -0.1944 GPa in the
region from 7.4 µm to 11.2 µm. Finally, the stress is seen to become more compressive
from -0.1944 GPa to -0.6194 GPa, in the region from 11.2 µm to 15.8 µm. The expected
non-uniform variation in TGO stress is noted in these plots as well the large variation
shown in TGO stress values [82, 81]. Similar to the first line mapping of the peak region,
there is the presence of a similar trend regarding the variation of stress in this first line
mapping of the trough region. However, it is important to note that unlike the results
presented for the peak region, there is a much larger variation in the maximum and
minimum stress values found in the trough region.
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Figure 4.9: Micrographic Locations of Points from First Line of TGO Trough Mapping
Figure 4.9 shows the micrograph locations of four points taken during this first line
scan in the trough region. Each micrograph image has been marked to approximately
indicate the location of each TBC layer (YSZ, TGO and BC). Figure 4.9 further indicates
the location of these points on a trough schematic, which gives the approximate location
where this single line of data was collected in the TGO trough. It is important to note
that this single line data was taken near the edge of the trough undulation. Furthermore,
points 17 and 38 were found to be located in regions with high alumina intensity whereas
points 57 and 67 were located in regions of low alumina intensity. This is a viable pos-
sibility for the large variation in TGO stress shown in Figure 4.8. From the micrograph
images of the location of points 17, 38, 57 and 67, it is evident that there is a change in
the undulation geometry. It has been previously suggested that TGO stress concentrates
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at points of greater curvature [83]. This study by Wang et al. has further suggested
that since the TGO undulation is becoming more steep, there tends to be a stress con-
centration at a location with higher curvature [83]. Therefore, an additional possibility
for this variation in TGO stress in the trough region can be attributed to variation in
the undulation/rumpling geometry as shown in other studies [72]. Other possibilities for
this variation could be the presence of other phases within this bondcoat/TGO region
including traces of Cr2O3 or island-like ceramic oxides as mentioned with the single line
peak results.
As these preliminary results are only from the first line of mapping taken in the
trough region, deconvolution of photoluminescence results from the entire mapping scan,
correlated with AFM imaging of the locations in the future, will allow for a more thorough
understanding of the factors that may be causing this variation in the TGO stresses.
Similar to the single line peak analysis, a more complete study is needed to further
confirm these possibilities for variations in the trough region.
4.4 Conclusion
This study has presented preliminary high resolution TGO stress results from the peak
and trough regions of a Jets cycled DVC TBC sample at a resolution of 200 nm through
photoluminescence spectroscopy. Findings from the first line analysis in the peak and
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trough regions have shown a non-uniform TGO stress distribution, with the stress be-
coming less compressive from the bondcoat to the topcoat.
From the first line analysis of TGO stress in the peak region, a variation is seen to
occur during scanning from the bondcoat to the topcoat, including the TGO layer. As
these are preliminary findings, analysis of the complete mapping scan will yield more
complete results. This variation is most prominent in the bondcoat and bondcoat/TGO
interface region. Potential causes for this variation could be the presence of Cr2O3 which
has been shown to cause a decrease in the compressive stress [70], or the presence of
island-like ceramic oxides within the bondcoat that have been shown through simulation
to cause a stress relief within the TGO [83]. The large variation in TGO stress from
-0.8592 GPa to -0.4267 GPa can be attributed to scanning from the TGO interface into
the YSZ layer near the TGO interface.
The first line analysis of the trough region was primarily in the bondcoat region
near the TGO interface, which extended slightly into the YSZ layer. From the first line
analysis of TGO stress in the trough region, a large variation in TGO stress is noted
from -1.7254 GPa to -0.1944 GPa. A trend in the TGO stress variation was also found in
the first line analysis of the trough region. Possible causes for this variation could be the
change in undulation geometry, which would suggest TGO stress concentration at points
of greater curvature [83], or variation in alumina concentration. Other possibilities for
this variation could be the presence of other phases within this bondcoat/TGO region
including traces of Cr2O3 or island-like ceramic oxides as mentioned with the single line
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peak results. It is important to note that these findings are preliminary and complete
results from the entire mapping scans taken in the peak and trough are necessary to
determine the factors that are causing these variations in the TGO stress.
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CHAPTER 5
CONCLUSION
5.1 Effect of CMAS on Strain in Layers of the TBC
The effect of CMAS on the in-plane strain in the YSZ topcoat and TGO layers of sprayed
TBCs, under thermal cycling conditions, has been presented in this study. This has been
achieved through in-situ synchrotron X-ray diffraction measurements.
This study has found that for a low density plasma sprayed CMAS sample, a transition
in the YSZ in-plane strain occurs from tensile to compressive near the TGO interface
at high temperature. Furthermore, through the YSZ layer, a tensile in-plane strain is
observed at high temperature. Quanitative strain measurements in the TGO layer of
the low density with CMAS sample were presented for the entire thermal cycle. Strain
relaxation was noted to occur during ramp up and a large increase in compressive strain
was found during ramp down to room temperature.
A comparison of the TGO in-plane strain values at room temperature for low density
samples with and without CMAS infiltration indicated that there was not a significant
difference in the strain values within the thermally grown oxide layer before cycling.
This was further supported by comparison of the YSZ (111) in-plane strain values near
the TGO interface for the same samples, which were also found to not be significantly
different.
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This study has also shown variation of strain in YSZ peak (111) near the interface
during the entire thermal cycle, for a superdense TBC sample with CMAS. At high
temperature, a slightly tensile YSZ strain is seen to occur near the interface, suggesting
negligible, if any, infiltration of CMAS in this region. Furthermore, the presence of
minimal hysteresis indicates that there is little effect of CMAS infiltration on YSZ in-
plane strain near the TGO interface.
Overall, the in-situ XRD technique used in this study to capture strain measurements
in CMAS ingressed samples under thermal loading conditions, can be used towards future
studies of ingression from CMAS, volcanic ash and fuel impurities. This technique has
allowed for a more thorough understanding of CMAS ingression on the thermomechanical
effects seen within TBC coatings as a result of CMAS ingression. The experimental
findings from this study can be used towards finite element simulations of strain variation
as a result of CMAS infiltration and furthermore towards improvements in TBC coating
durability to reduce errosion-based failures of these coatings.
5.2 Stress Mapping by High Resolution Photoluminescence Spectroscopy
in TGO Undulations
High resolution preliminary stress results, on the order of 200 nm, have been presented in
the peak and trough of a TGO undulation within a Jets cycled DVC TBC sample in this
study. This has been achieved through photoluminescence spectroscopy measurements
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at room temperature. First line analysis of mapping scans within the peak and trough
regions have shown a non-uniform TGO stress distribution versus position. Similarly, the
R1 peak shift versus position have shown a non-uniform variation. The largest variation
in TGO stress in the first line mapping of the peak region occurred from -0.8592 GPa
to -0.4267 GPa. This variation is suggested to be a result of scanning from the TGO
interface into the YSZ layer near the TGO interface. For first line mapping of the trough
region, a large variation in stress is also noted from -1.7254 GPa to -0.1944 GPa.
Both sets of preliminary results have exhibited a trend in TGO stress variation. From
the first line analysis of TGO stress in the peak region, an increasing and decreasing vari-
ation is seen to occur during scanning from the bondcoat to the topcoat, including the
TGO layer. This variation is most prominent in the bondcoat region with TGO devel-
opment and bondcoat/TGO interface region. Potential causes for this variation could
be the presence of Cr2O3 which has been shown to cause a decrease in the compressive
stress [70], or the presence of island-like ceramic oxides within the bondcoat that have
been shown through simulation to cause a stress relief within the TGO [83].
The trend in the first line mapping of the trough region may be caused by change in
undulation geometry, which would suggest TGO stress concentration at points of greater
curvature [83] or variation in alumina concentration. Other possibilities for this variation
could be the presence of other phases within this bondcoat/TGO region including traces
of Cr2O3 or island-like ceramic oxides as mentioned with the first line peak results.
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These results are preliminary findings and as such, a few possibilities have been sug-
gested in this study, to explain this trend-like behavior. However, future analysis of the
entire peak and trough mapping region will allow for a more thorough understanding
of the factors that are causing this trend-like variation in the TGO stress within these
regions.
The preliminary results from this study have shown the need for analyzing the me-
chanics of layered materials at a high spatial resolution. Most importantly, these findings
have shown a significant variation in TGO stresses at a high spatial resolution, which
can be used to understand the evolution of these local, critical stresses under operating
conditions that lead to the initiation of failure mechanisms within the TBC coating. This
study has also shown that the assumptions of simple 2D flat layers needs to be accom-
panied with the geometric features of the TGO undulations, which give rise to these
significant stress variations, and ultimately have an impact on the initiation of damage
in TBC coatings. Future analysis of these local stresses can lead to improvements in the
durability of these coatings.
5.3 Future Work
The current study presented in-situ synchrotron XRD in-plane strain results under ther-
mal loading conditions, in the YSZ and TGO layers of sprayed TBC coatings with CMAS
infiltration. This study can be improved by characterizing the strain in EB-PVD TBC
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coatings with CMAS infiltration under thermal loading conditions. Furthermore, a com-
parison analysis between the strain tolerance of both types of coatings under CMAS
attack would provide substantial information on how to improve the durability of these
coatings.
This study has also presented preliminary R1 peak shift and average stress results at
a resolution of 200 nm from the top line of a TGO peak and trough undulation mapping,
in a 2000 Jets Cycled DVC TBC Sample. Future work will entail deconvolution of the
photoluminescence data obtained for this entire mapping scan in the TGO peak and
trough undulation.
In addition, high resolution stress measurements will be taken in the TGO undula-
tions using NSOM (Near-field Scanning Optical Microscopy)-PL (Photo-Luminescence)
spectroscopy, which has the potential to provide spatial resolution of 100 nm or less [79].
A comparison of TGO stress results with varying spatial resolution will be considered.
These results can also be compared with X-ray TGO diffraction data collected on the
sample at room temperature and under thermal cycling conditions. Additional stud-
ies can use finite element simulation to characterize the stress variation in these TGO
undulations to compare with experimentally collected data.
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